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ABSTRACT
There is a dichotomy in the Milky Way in the [α/Fe]-[Fe/H] plane, in which stars fall into high-α, and
low-α sequences. The high-α sequence comprises mostly old stars, and the low-α sequence comprises
primarily young stars. The origin of this dichotomy is uncertain. To better understand how the high-
and low-α-stars are affiliated, we examine if the high- and low-α sequences have distinct orbits at
all ages, or if age sets the orbital properties of stars irrespective of their α-enhancement. Orbital
actions JR, Jz, and Jφ (or Lz) are our labels of stellar dynamics. We use ages for 58,278 LAMOST
stars (measured to a precision of 40%) within ≤2kpc of the Sun and we calculate orbital actions from
proper motions and parallaxes given by Gaia’s DR2. We find that at all ages, the high- and low-α
sequences are dynamically distinct. This implies separate formation and evolutionary histories for the
two sequences; a star’s membership in the high- or low-α sequence indicates its dynamical properties
at a given time. We use action space to make an efficient selection of halo stars and subsequently
report a group of old, low-α stars in the halo, which may be a discrete population from an infall event.
Keywords: stars, Galaxy, Galaxy formation, chemical abundance
1. INTRODUCTION
A growing number of extensive stellar surveys includ-
ing GALAH (De Silva et al. 2015), LAMOST (Cui et al.
2012; Luo et al. 2016), APOGEE (Majewski et al. 2017),
RAVE (Kunder et al. 2017; Casey et al. 2017), and Gaia
(Gilmore et al. 2012; Gaia Collaboration et al. 2018) are
cataloging larger regions of our Galaxy. Subsequently,
understanding the structure and formation of the Milky
Way is within our reach more than it has ever been
before. Each part of the Milky Way (the bulge, disk,
and halo) has stars which have different chemical and
dynamical properties, as well as possibly different birth
properties. Deducing the formation histories of various
parts of the Milky Way by studying the chemistry, dy-
namics and ages of stars in different regions can lead us
to understand epochs in the life of the Galaxy itself (e.g.
Silva Aguirre et al. 2018). The disk of the Milky Way
is the most expansive stellar component, where most of
the stellar mass resides, and potentially holds immense
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information, which can shed light on how the universe
evolves on galactic and cosmological scales.
Disk stars in the Milky Way appear to fall into
two broad categories of chemical composition: (1) α-
enhanced or high-α stars, and (2) α-poor or low-α stars
(Fuhrmann 1998; Gratton et al. 2000; Prochaska et al.
2000; Bensby et al. 2003; Venn et al. 2004; Bensby et al.
2005; Adibekyan et al. 2011; Bensby et al. 2014; An-
ders et al. 2014; Nidever et al. 2014; Hayden et al.
2015). The α-abundance measurement is typically de-
rived from some ratio of elements fused in Helium cap-
ture (i.e. Mg, Si, Ti, Ca). The bimodality seen in the
[Fe/H]-[α-Fe] plane has been inferred to be the signa-
ture of two distinct populations (e.g. Mackereth et al.
2018a; Clarke et al. 2019), and chemical enrichment
models suggest this requires a mix of populations with
distinct enrichment histories (e.g. Nidever et al. 2015).
Spectroscopic surveys have established correlations be-
tween α-enhancement and properties such as age (Wyse
& Gilmore 1988; Haywood et al. 2013; Bensby et al.
2014; Bergemann et al. 2014): high-α stars are mostly
old, and low-α stars are typically young. Quite possibly,
the distinct formation timescales and velocity dispersion
of the “thin” and “thick” components of the Milky Way
disk could translate into α-abundance signatures. How-
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ever, the α-enhancement of stars does not directly map
to their assignment to the thin or thick disk (Feltzing
& Bensby 2008; Scho¨nrich & Binney 2009; Adibekyan
et al. 2011; Loebman et al. 2011; Bensby et al. 2014;
Silva Aguirre et al. 2018; Bland-Hawthorn et al. 2018).
Chemistry is our parameter of Galactic inquisition and
we wish to understand how the high- and low-α se-
quences are distributed dynamically at a given age. We
have the expectation that this will enable us to better
understand the origin of the dichotomy that is seen in
the [α/Fe]-[Fe/H] plane. That is, if the birth and evo-
lution tracks of the high- and low-α sequences might be
discrete or related.
To make any sort of generalizable, empirical statement
about how the two α-sequences separate along other
axes, we need access to accurately measured properties
for a large sample of stars. Gaia DR2 (Gaia Collab-
oration et al. 2018) measured positions, distances, and
proper motions for ∼1.3 billion objects in the sky, which
makes it possible to study the dynamics of stars with
unprecedented accuracy. The Large sky Area Multi-
Object Spectroscopic Telescope (LAMOST) Survey (Cui
et al. 2012) is one of the most extensive catalogs of
low-resolution (R∼ 1800) spectroscopic data at present.
It is an optical (3650 − 9000A˚) survey, and its second
data release (Luo et al. 2016) covered ∼ 500, 000 red gi-
ants. The Cannon, developed by Ness et al. (2015), pro-
vides a data-driven method to infer information about
a large number of stars by channeling and combining
data from across various astronomical surveys. It has
been a challenge to accurately and precisely measure
ages for large samples of bright red giant stars that can
be observed to vast distances across the Galaxy. This
is because there is little discriminating power in stellar
models in this regime. However, using The Cannon, Ho
et al. (2017) created the largest catalog of age estimates
for ∼ 230, 000 red giants by inferring the masses from
[C/M] and [N/M] abundances. Data-driven modeling
using the correlations between [C/M], [N/M], [Fe/H],
and age (from asteroseismic determinations) has given
us access to a far larger sample of stars for which we
can determine ages (Martig et al. 2016; Masseron et al.
2016; Ness et al. 2016).
Actions provide a powerful description of stellar dy-
namics because they can encapsulate information to
uniquely define an orbit (Trick et al. 2018). We use
cylindrical coordinates (r, φ, z) for positions of stars and
calculate actions using:
Ji ≡
∮
orbit
pidxi
where i = r, φ, z, and pi is the conjugate momentum (for
a detailed introduction to actions see Sellwood 2014;
Binney & Tremaine 2008). If we approximate the Milky
Way’s potential to be axisymmetric and its evolution
over time to be slow enough, actions are constants of
motion for timescales of the order of several orbits (e.g.
Bland-Hawthorn et al. 2018). The three actions, JR, Jz,
and Jφ (or angular momentum, Lz) separately provide
physical interpretations of a star’s orbit. (We will use Lz
instead of Jφ in our discussion hereafter.) JR indicates
the eccentricity of an orbit, or an orbit’s deviation from
a circle. Lz is a direct indicator of the radius of the
orbit, and Jz indicates the maximum vertical distance
of an orbit from the Galactic plane.
This paper is organized as follows: in §2, we describe
the main properties of our data sample, and explain
our process of analysis. In §3, we present our main re-
sults, and further analysis of the dynamics of the two
α-sequences as a function of [Fe/H] (§3.2) and spatial
selection |z| (§3.3), as well as a comparison of our re-
sults with ages derived from Bayesian inference (§3.4).
We discuss our results in §4 and point out the detection
a sample of old, low-α stars in the halo which might be
part of the Gaia Enceladus (§4.2) (e.g. Helmi et al. 2018;
Belokurov et al. 2018), before concluding in §5.
2. DATA
We investigate ∼ 60, 000 red giant stars in the disk
(≤ 2kpc from the Sun) taken from the LAMOST Sur-
vey and use their ages as calculated by Ho et al. (2017)
(precise up to 0.2 dex), as well as the proper motion and
parallax information acquired from Gaia DR2.
Figure 1a shows the number density distribution of
our sample in the [α/Fe]-[Fe/H] plane. We see that, as
expected, there are two collections of stars that emerge
clearly in this plane (separated roughly by the black line,
which we set to differentiate high- and low-α stars). We
denote the high-α stars as those that fall above the black
line, and the low-α stars are those that fall below the
black line. There are 7,334 high-α stars and 50, 944 low-
α stars in our sample. On average, for our sample, the
high-α sequence has an overall lower metallicity ([Fe/H])
compared to the low-α sequence. At a metallicity of
[Fe/H]∼ −0.2, there is a “knee” in the plot (Figure 1a)
after which the disparity in the amount of α-elements
and iron-peak elements goes down, and the high-α and
low-α sequences appear to converge (e.g. Hayden et al.
2015).
Figure 1b shows the distribution of our sample of
(disk) stars once again in the [α/Fe]-[Fe/H] plane, but
colored by age. It becomes apparent that the mean
ages of the two sequences are different, in the sense that
high-α stars are typically older than the low-α popula-
tion. However, there is overlap in the age distribution
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Figure 1. Main properties of our data sample of the LAMOST disk red giants. (a) The number density distribution of 58, 278
stars is shown in the [α/Fe]-[Fe/H] plane. We use the black line to differentiate between high- and low-α stars. There are 7,334
high-α stars and 50,944 low-α stars (as indicated in the plot). (b) The same plot as (a), but colored by age. We can see that
high-α stars (above the black line) are mostly old, whereas the low-α stars (below the line) are typically much younger. (c) The
spatial spread of the ∼ 150, 000 strong sample is shown in a density plot of z vs. Galactic radius (RGAL). The Galactic plane at
z = 0 is shown by the horizontal red line. Our analyses are restricted to stars within ≤2kpc of the Sun, which are encompassed
by the dashed circle. (d) The x-y distribution of stars, again showing our restriction on distance, within the dashed circle of
radius ≤ 2kpc. The intersection of the two red lines marks the position of the Sun, at RGAL = 8 kpc.
and both α-sequences span stars across a broad range
of ages.
Figures 1c,d show the spatial extent of the ∼ 150, 000
LAMOST stars for which we have age information (from
Ho et al. 2017). This full sample extends from a Galactic
radius of ∼6kpc to ∼14kpc, and ∼2kpc above and below
the Galactic plane. However, we restrict our analysis to
disk stars within a distance of ≤2kpc of the Sun. This
distance cut was implemented because we have used in-
verse parallax as a proxy for distance, and that estimate
becomes erroneous at large distances (Bailer-Jones et al.
2018; Ting & Rix 2018). The spatial extent of stars that
we take into account for our study are within the dashed
circles in Figures 1c,d.
In Figure 2, the top panel shows normalized distri-
butions of the Galactocentric radius, RGAL, for the
high- and low-α sequences, and the lower panel shows
the spread of the distance from the Galactic plane, z,
for three different metallicity ranges, (i) [Fe/H] < −0.5
(light blue dotted line), (ii) −0.5 <[Fe/H]< 0 (aquama-
rine dashed line), and (iii) [Fe/H] > 0 (orange solid line),
as explained in the legend in the lower left subplot. (This
representation scheme is followed hereafter each time we
categorize stars based on [Fe/H].) The numbers of stars
in each metallicity range and α-sequence is recorded in
the bottom subplots in the respective color of the [Fe/H]
range. We see a weak gradient in the radii of low-α
stars with respect to metallicity; mean [Fe/H] decreases
at higher RGAL as expected from prior literature which
has proposed that the radial metallicity gradient in the
Milky Way comes about largely from low-α stars (e.g.
Duong et al. 2018).
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Figure 2. Normalized histograms for RGAL (top panel) and
z (lower panel) for the two α-sequences (high-α to the left,
low-α to the right) in three different metallicity ranges: (i)
[Fe/H] < −0.5 (light blue dotted line), (ii) −0.5 <[Fe/H]< 0
(aquamarine dashed line), and (iii) [Fe/H] > 0 (orange solid
line), as explained in the legend in the lower left subplot. The
numbers of stars in each metallicity range and α-sequence
is indicated in the lower panels, in the respective color of
the [Fe/H] range. We see in the top panel that the two α-
sequences have different mean radii for all metallicity ranges.
The low-α stars are preferentially located at larger Galac-
tic radii, compared to the low-α stars. In the lower panel,
the dispersion of stars around the mid-plane is clearly much
smaller for stars in the low-α sequence compared to the high-
α sequence. However, within the high-α sequence, the most
metal-rich stars show the narrowest span in z.
We have stellar ages precise to 0.2 dex from the carbon
and nitrogen abundances catalogued in Ho et al. (2017).
Additionally, in order to determine precise actions, we
need precise and accurate distance measurements (e.g.
Coronado et al. 2018; Trick et al. 2018; Beane et al.
2018). We use the inverse of parallax (ω−1) as a proxy
for distance and restrict our sample to stars which have
a parallax error (δω/ω) of less than 20%.
We calculate actions using the same method as Trick
et al. (2018): by first converting the observable po-
sitions and velocities into cartesian (X,Y, Z) and he-
liocentric (UHC , VHC ,WHC) coordinates, and finally to
galactocentric (R,φ, z, vR, vT , vz) coordinates using the
galpy package (Bovy 2015). U is the velocity compo-
nent towards the Galactic center, V is the component
in the direction of rotation of the Galaxy, and W is the
component towards the Galactic north pole. The co-
ordinate conversion from cartesian and heliocentric to
galactocentric is necessary to calculate the actions JR,
Jz, and Lz in galpy and is done using (U, V,W) =
(11.1, 12.24, 7.25)km s−1 as the Sun’s velocity in the Lo-
cal Standard of Rest (LSR) (Scho¨nrich et al. 2010) and
(R, φ, z) = (8, 0, 0.025) (with R, z in kpc) as the
Sun’s position within the Galaxy (Juric´ et al. 2008).
3. RESULTS
3.1. Dynamical Actions as a Function of Age
We examine the actions JR, Jz, and Lz for for 7,334
high-α stars and 50,944 low-α stars as a function of stel-
lar age, and find that the high- and low-α stars have very
distinct mean dynamical properties. Figure 3 shows the
running mean of each of the actions as a function of
age for the two α-sequences (high-α in blue and verti-
cally hatched, low-α in red and diagonally hatched). In
this Figure, each α-sequence displays distinct dynami-
cal behavior in all three orbital parameters: eccentricity
(JR), height above the Galactic plane (Jz), and radius
(Lz). Moreover, the distinction in dynamical trends of
the high- and low-α stars is present consistently at all
ages.
The running means of actions and age were calcu-
lated using a bin size of N = 600 stars for both the
α-sequences. The 1-σ standard deviation (σ) is used to
estimate the dispersion in the running means, and the
standard errors are calculated as σ/(
√
N − 1). There is
a difference of almost a factor of 2 between the mean
values of JR and Jz for the high-α and low-α stars, with
low-α stars having lower orbital eccentricities and lower
vertical excursions. The low-α stars on average have
∼ 1.25 times larger angular momentum (Lz) than the
high-α stars. There are slight gradients in the running
means with respect to age, which might be affected by
the selection function of the LAMOST survey. Since
we have not taken the selection function into account,
we make no quantitative measure or claims regarding
the trend of the dynamics with respect to age for our
sample. The dispersion around the running mean is sig-
nificant and overlapping between the two α-sequences.
In Table 1 we report the ratio of average dispersion
(σ(Ji)) to average action (J¯i) for each of the three ac-
tions of the two α-sequences. These numbers reported
only the average values, and they do not take into ac-
count the change in variance over time that is seen in
JR and Jz of low-α sequence. However, they do give
an adequate idea of the relative dispersion in actions for
the high- and the low-α stars in our sample.
3.2. Dynamical Actions for the High- and Low-α
Sequence as a Function of [Fe/H]
We now analyze the two α-sequences as a function
of [Fe/H] to examine if they also separate dynami-
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Figure 3. Key results of our work. They show that high- and low-α sequences display distinct dynamical trends at all ages,
with significant scatter about the mean. The running means (with bin size of N = 600 stars) and standard deviations (σ) of
each of the three actions for 7,334 high-α stars and 50,944 low-α stars are plotted as a function of age. The running means
of high- and the low-α sequences are represented by the solid blue curve and the solid red curve respectively. The running
means have been smoothed using a Gaussian kernel with σs = 100kpc km s
−1. The thickness of the solid curves represents the
standard error (σ/
√
N − 1), and the shaded regions are the respective 1-σ standard deviation in actions (vertically hatched for
high-α and diagonally hatched for low-α).
Action
σ(Ji) / J¯i
high-α low-α
JR 0.79 0.98
Jz 0.9 1.13
Lz 0.24 0.13
Table 1. A table showing the mean 1-σ dispersion (σ(Ji))
divided by the mean of each action (J¯i), for the two α-
sequences. The dispersions and running means used in this
table are those which are shown in Figure 3.
cally when conditioned on metallicity. Figure 4 shows
smoothed running means of JR, Jz, and Lz versus age
for high-α stars in the left panel, and the low-α stars in
the right panel, for three different metallicity ranges of
(i) [Fe/H] < −0.5, (ii) −0.5 <[Fe/H]< 0, and (iii) [Fe/H]
> 0. The different [Fe/H] ranges are shown with differ-
ent colors and line styles, as used in Figure 2 and indi-
cated in the legend. The standard errors on these curves
are shown by the shaded regions. From these plots, it
is quite clear that the mean eccentricity, vertical excur-
sion from the Galactic plane, and angular momentum of
the two α-sequences are distinct even if they have the
same metallicity. This Figure also shows the richness
of the information linking orbits to stellar chemistry.
The high-α stars separate out significantly in JR com-
pared to the low-α stars as a function of [Fe/H], with
the lowest metallicity stars showing the highest radial
actions. Similarly the high-α stars separate out more
markedly, particularly at high metallicity, in Jz com-
pared to the low-α stars, as a function of [Fe/H], with
the lowest metallicity stars showing the highest vertical
actions. The two sequences are similarly dispersed in
angular momentum (Lz) as a function of [Fe/H].
This examination demonstrates that there is clearly
a relationship between stellar orbits and [Fe/H] that is
determined by a star’s membership in either the low
and high-α sequences. While the stars separate dynam-
ically for these two sequences, the metallicity of a star
is additionally indicative of its dynamics at a given age,
particularly for the high-α sequence.
3.3. Dynamical Actions of the High- and Low-α
Sequences as a Function of Spatial Selection, |z|
The measured actions are a function of spatial po-
sition of the stars; stars at higher distances from the
plane in the disk have higher Jz values and the high-α
sequence is preferentially distributed at larger |z|, at the
Sun. We therefore wish to examine in more detail the
differences in the action distributions of the high- and
low-α sequences conditioned on height from the plane
(|z|). We examine this by testing the respective actions
of the high- and low-α sequences in three narrow slices
in |z|: (i) 0 < |z| ≤ 0.5kpc, (ii) 0.5 < |z| ≤ 1kpc, and
(iii) 1 < |z| ≤ 1.5kpc. We find that at the same height
from the Galactic plane, the two α-sequences have mean
actions that are different from each other at all ages, as
shown in Figure 5. The standard errors on all curves
(not shown in the Figure) are on the order of the thick-
ness of the lines.
It can be seen that the high-α stars have significantly
higher eccentricity (JR) at all ages compared to the
low-α stars even when the stars have the same |z|-
distances. Angular momentum (Lz) as a function of
age is much lower for high-α stars compared to the low-
α stars (at a given |z|-distance), with stellar angular
momenta decreasing with increasing distance from the
Galactic plane. Note that there are small differences in
Jz as a function of age (middle panel of Figure 5) for
the two α-sequences; this indicates that within our bins
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Figure 4. Smoothed running means of JR, Jz, and Lz (with bin size N = 300) for the high-α (left panel) and low-α stars
(right panel) as a function of age in three different metallicity ranges. Each [Fe/H] bin is represented by the same color scheme
and line style as in Figure 2. The legend for all plots is once again shown in the bottom left subplot, and the number of stars
in each [Fe/H] range and α-sequence is recorded in the bottom panel in the respective color of the [Fe/H] range. We used a
gaussian kernel with σs = 100kpc km s
−1 for smoothing the data. The standard errors (σ/
√
N − 1) are shown by the shaded
regions around each curve, which we can see are on the order of the thickness of the lines. These plots make it clear that the
two α-sequences have quite distinct dynamical properties (associated with each of the three actions) at a given metallicity.
of height |z|, the low-α sequence stars are preferentially
nearer to the Galactic plane.
These plots demonstrate that the orbital properties of
the stars in each α-sequence are sensitive to the spatial
selection of the stars in height above the plane, which
reflects the correlation between structure and chemistry
in the Galaxy and also the selection function of the sur-
vey. However, it is clear that at a given spatial selection
in height above the plane there is the clear separation
in the mean of the dynamical action between the two
α-sequences.
3.4. Comparison with Ages Derived from Bayesian
Inference
We also used ages and actions from a catalog devel-
oped by Sanders & Das (2018) to test whether or not
we get similar results with their data. In their analysis,
Sanders & Das employed Bayesian neural networks to
date stars, and the Gaia DR2 data to find the actions us-
ing the Stackel fudge method. Figure 6 shows the plots
obtained using the data from Sanders & Das (2018),
made in the same way as Figure 3. These plots have
30,579 high-α stars, and 122,668 low-α stars restricted
to within ≤ 2kpc of the Sun, and we did a quality cut
such that parallax error is < 20%. That these data also
indicate a distinction in dynamical trends between the
two α-sequences is quite encouraging.
4. DISCUSSION
4.1. Orbital properties of the High- and Low-α
Sequences
Studying the actions JR, Jz, and Lz as a function of
age for the two α-sequences makes it clear that disk
stars in the solar neighborhood that fall into different
α-enrichment groups have very different mean orbital
properties at all ages. The fact that this dichotomy in
the action plane is present throughout all ages, for all
High- and Low-α Disk Stars Separate Dynamically at all Ages 7
Figure 5. Smoothed running means of JR, Jz, and Lz versus age for the high- (left panel) and low-α (right panel) sequences
separated into three ranges of height above the Galactic plane, |z|: (i) 0 < |z| ≤ 0.5kpc (light blue dotted line), (ii) 0.5 < |z| ≤
1kpc (aquamarine dashed line), and (iii) 1 < |z| ≤ 1.5kpc (orange solid line). The legend is shown in the bottom left plot and
number of stars in each |z| range and α-sequence are recorded in the bottom panel in the respective color of each |z| range. A
gaussian kernel with σs = 100kpc km s
−1 was used for smoothing the running means. Division into |z| ranges helps decouple
the |z|-positions of the stars from their chemistry and dynamics. We can see that even at the same height from the plane, the
two α-sequences have different JR, Jz, and Lz, i.e., different dynamical properties, at all ages. Standard errors have been left
out in these plots because they are on the order of the thickness of the curves.
actions, is a strong indication that high- and low-α se-
quences form distinct populations which have different
evolution and birth properties. We also find that within
a given α-sequence, a star’s [Fe/H] is additionally infor-
mative as to its orbital properties, particularly for Jz
and JR for the high-α sequence. Figure 3 shows our
main results, from which we can understand what the
nature of the orbits of stars in the high- or low-α se-
quence is, at least with respect to each other. Orbits of
high-α stars are on average more eccentric (have greater
JR) than the low-α stars, almost consistently by a fac-
tor of two. We see a similar relationship between the
two sequences in how much their orbits diverge from
the Galactic plane (or Jz): the high-α sequence has or-
bits which go almost up to twice the height from the
plane compared to low-α stars. The angular momentum
(Lz) of low-α stars is ∼ 1.25 times that of the high-α
stars, which indicates that low-α stars on average have
larger radii than high-α stars (e.g. Beane et al. 2018;
Hayden et al. 2015). Our results are consistent with
Mackereth et al. (2019), who find similar relationships
between α-abundance and velocity dispersions (σz, σR)
of high- and low-α stars. Our findings are also aligned
with the analysis of Nidever et al. (2015), who determine
single population chemical evolution models to be insuf-
ficient to explain the α-bimodality seen in the APOGEE
data. These empirical findings can be explained in a cos-
mological context if the high-α sequence has a distinct,
early and rapid star formation origin, in “clumps” (e.g.
Clarke et al. 2019). Such clumps are also observed at
high redshift in young spiral Galaxies that are presum-
ably typical Milky Way progenitors (Guo et al. 2015).
It is interesting to note that we find a valley between
two slight peaks (in Figure 3) in JR and Jz for the high-
α sequence between age ∼6-9Gyr, and a slight peak be-
tween two valleys in Lz for high-α stars in the same age
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Figure 6. The same plots as in Figure 3 but using Sanders & Das (2018) ages and actions. The running means (with bin
size N = 2000 stars) and standard deviations (σ) of each of the three actions for 30,579 high-α stars and 122,668 low-α stars
are plotted as a function of age. The high- and the low-α sequences are represented by the solid blue curve and the solid red
curve respectively. The running means have been smoothed with a gaussian kernel using σs = 200kpc km s
−1. The thickness
of the solid curves represents the standard error (σ/
√
N − 1), and the hatched shaded regions are the respective 1-σ standard
deviations in actions. These plots quite closely match Figure 3.
window. We see similar signatures in analyzing LAM-
OST stars from Sanders & Das (2018), as can be seen
in Figure 6. The presence of a perturbation in Jz was
also suggested by Beane et al. (2018) (§3.2) for stars in
the APOKASC2 sample (independent of α-enrichment).
Such a perturbation could be a signature of an infall
event in the Milky Way, which altered the dynamical
properties of stars at ∼ 6 Gyr. For a bump in actions
rather than a net step increase, such an infall would
likely trigger the formation of new stars (e.g., a gas
cloud merger), as opposed to a merger with a star cluster
which would bring in pre-existing stars.
We note that these “bumps” are localized in α-
enrichment as well as metallicity, which means that
any infalling gas cloud would have a consistent aver-
age chemical composition. As can be seen in Figure 4,
they appear only in the high-α sequence in the range
of −0.5 <[Fe/H]< 0, within the same age range (∼6-9
Gyr). This leads us to predict that we might expect
differences in the detailed elemental composition of this
possibly foreign population compared to other high-α
stars in the Galaxy of this age.
4.2. Discovery of Old and α-Poor Halo Stars in the
LAMOST Sample
Numerous works (e.g. Silva Aguirre et al. 2018; Ness
et al. 2016; Bensby et al. 2014; Bergemann et al. 2014;
Haywood et al. 2013; Adibekyan et al. 2011) have es-
tablished that high-α stars of the disk are old and low-
α stars of the disk are typically young. Furthermore,
Milky Way halo stars (∼3-5kpc from the Sun) are typ-
ically high-α, metal poor ([Fe/H]< −1.0), and old (e.g.
Freudenburg et al. (2017); Bovy et al. (2012); Lee et al.
(2011); Prochaska et al. (2000); Fuhrmann (1998). We
now examine the α-sequences for the halo stars in LAM-
OST including stars within ≤ 5kpc of the Sun.
To select halo stars in our sample, we take stars that
have high radial eccentricities (JR) and low angular mo-
menta (Lz). Figure 7a shows how the LAMOST stars
are distributed across the Lz-log10(JR) plane; the disk
flares out and appears joined to the halo which is dis-
tributed around an Lz ∼ 0 and high Jz, as indicated
in the box drawn around this region. Such a selection
in actions discriminates halo stars from the disk popu-
lation. This discrete cut is not intended as an absolute
marker of halo membership but these stars have orbital
properties which align with halo membership and are
quite distinct from the disk (e.g. Helmi et al. 2018).
We now show the distribution of our selected halo
stars in Figures 7b,c coloured by age and angular mo-
mentum, respectively. We use the same line as previ-
ously to differentiate high- and low-α stars. Surpris-
ingly, we find low-α stars in the halo in our sample.
There are 292 high-α stars and 58 low-α stars which
make the halo cut. Respectively, the age distribution of
the high- and low-α sequences is similar, with a mean
age and 1-σ standard deviation of (7.8,2.3)Gyr for the
high-α halo stars and (7.2,2.5)Gyr for the low-α stars.
These ages may be badly measured, but we found no
indication of this in examining the χ2 (χ2 ∼ 0.5) and
age uncertainties (∆age ∼ 2.2Gyr) on these stars.
Out of the 58 low-α halo stars, 21 exhibit retro-
grade motion with Lz < 0. The metallicity distribu-
tion of mean [Fe/H] and the standard error of the mean
(σerr = σ/
√
N − 1) is different for the retrograde com-
pared to the prograde low-α stars. The retrograde stars
have ([Fe/H] ± σerr) = (−0.70 ± 0.08), whereas it is
(−0.45 ± 0.04) for the prograde stars. The retrograde
stars are also younger (than the prograde stars) with
(age ± σerr) = (6.23 ± 0.59)Gyr, whereas for the pro-
grade stars it is (7.75± 0.39)Gyr.
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Figure 7. (a) The distribution of 144, 231 high- and low-α stars within ≤5kpc from the Sun in the Lz-log10(JR) plane, colored
by age. The Lz-log10(JR) plane visually separates the disk and the halo; stellar orbits with a variety of angular momenta
(Lz) and eccentricity (JR) values represent the disk, resulting in the triangular shape of the distribution, whereas the tapering
bottom end of the distribution with low Lz and high JR characterizes the halo orbits. In the adjacent plots, we examine the
α-enhancement, age, and orbital motion of halo stars (within the dashed box) with log10(JR) > 1.5 and Lz < 500kpc km s
−1.
(b) The distribution of 350 stars within 5kpc of the Sun with Lz < 500kpc km s
−1 and log10(JR) > 1.5 are shown in the
[α/Fe]-[Fe/H] plane, colored by age. The numbers of high- and low-α stars are indicated above and below the black separation
line respectively. We find that the 58 low-α stars that make this cut have a mean age of ∼7.2Gyr, with a 1-σ standard deviation
of ∼2.5Gyr, whereas the 292 high-α stars which make this cut have a mean age of ∼7.8Gyr with a 1-σ standard deviation of
∼2.3Gyr. (c) The same as (b), but colored by angular momentum (Lz). Of the 58 low-α stars, 21 exhibit retrograde motion,
i.e., have Lz < 0.
This anomalous low-α halo population may be asso-
ciated with the coherent population of infall discovered
in the Gaia data by a number of groups (Myeong et al.
2018; Koppelman et al. 2018; Helmi et al. 2018). In par-
ticular, Helmi et al. (2018) find a retrograde population
in the halo within 5kpc of the Sun which they call the
“Gaia Enceladus” and show that it might have merged
with the Milky Way ∼ 10 Gyr ago. At [Fe/H]∼ −0.6,
the Gaia Enceladus was demonstrated to be photometri-
cally consistent with an age range of ∼10-13 Gyr (Helmi
et al. 2018). This infall includes low-α stars as demon-
strated using the APOGEE data in Helmi et al. (2018),
however has not been previously spectroscopically age
dated.
If the stars in the LAMOST data that we have iden-
tified as potential Gaia Enceladus members are ex-situ
to the Milky Way, they will have experienced a differ-
ent star formation rate and therefore have different birth
and evolution history from the typical stars in the Milky
Way. So we expect multiple abundances to show anoma-
lous trends in other elements, which can be tested using
individual abundance derivations from LAMOST data
(Belokurov et al. 2018; Ting et al. 2017). Additional di-
mensions of information along these lines will enable us
to determine if these stars are from a single or multiple
set of infall events.
5. CONCLUSION
We calculated actions (JR, Jz, and Lz) using dynami-
cal information from Gaia DR2, and used ages for LAM-
OST red giants (in the disk near the Sun) from Ho
et al. (2017). We have found clear indications that α-
enrichment is correlated with dynamical properties of
stellar orbits. Our main conclusions are summarized
below:
1. Consistently and at all ages, the high- and low-α
sequences exhibit distinct mean trends in eccen-
tricity (JR), divergence from Galactic plane (Jz),
and angular momentum (Lz)—the three dynami-
cal properties which (simplistically, but uniquely)
characterize a stellar orbit. This result can be
seen clearly in Figure 3. This implies that the two
α-sequences are distinct populations in the Milky
Way, with different birth and evolution properties.
This conclusion is also supported by studies which
use models to simulate Milky Way-like galaxies
and find that the two α-sequences emerge via dis-
tinct birth and evolutionary tracks (e.g. Mackereth
et al. 2018b; Grand et al. 2018).
2. The conclusion that chemistry is strongly linked
to orbital properties of stars at all ages has been
shown to be consistent at a given metallicity (Fig-
ure 4) as well as at a narrow slice in height from
the plane (Figure 5).
3. The Lz-log10(JR) plane is an effective space to se-
lect for halo stars. We find a population of low-α
stars which are atypically older and live predom-
inantly in the halo, which may be remnants of
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merger events in the Milky Way, e.g. Gaia Ence-
ladus (Helmi et al. 2018; Belokurov et al. 2018).
Our findings of high- and low-α sequences being dynami-
cally distinct at all ages, including at a given ([Fe/H], |z|)
is strong evidence for the discrete origin of these popula-
tions in building the disk. These findings are consistent
at different spatial locations and for different stellar sur-
veys with different selection functions (e.g. APOGEE
(Mackereth et al. 2019; Nidever et al. 2014)).
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